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THE VECTOR FIELD PROTON MAGNETOMETER 
FOR IGY SATELLITE GROUND STATIONS 


by 

I. R. Shapiro, J. D. Stolarik and J. P. Heppner 


SUMMARY 

The ^plication of homogeneous-bias fields to a proton 
processional magnetometer allows the measurement of the 
vector field by measuring the absolute scalar field F, decli- 
nation variations ad, and inclination variations Ai. The 
absolute scalar field can be measured to an accuracy of ± 1 
gamma and absolute declination and inclination to an accu- 
racy of ±2 minutes. This paper describes a vector proton 
magnetometer that has been in operation at nine Minitrack 
stations since the spring of 1958. 
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THE VECTOR FIELD PROTON MAGNETOMETER 
FOR IGY SATELLITE GROUND STATIONS! 


INTRODUCTION 

Measurements from the Vanguard III magnetic-field satellite=4' yield information on 
currents in and beyond the ionosphere, depending on surface measurements taken near 
the geographical locations where the satellite was interrogated (References 1 and 2). 
During satellite flight, the surface measurements provided: (1) immediate information 
on the existence of a magnetic disturbance; (2) highly accurate values of the scalar and 
vector field variations at the surface during disturbances, to permit interpretation of 
simultaneous satellite measurements in terms of currents; and (3) absolute drift-free 
measurements of diurnal variations during quiet periods, to permit selection of those 
satellite measurements to be used in establishing the undisturbed field at satellite alti- 
tudes over each station. 

The merits of vector rather than scalar measurements at the earth’s surface are 
not immediately apparent but become so if one considers a variety of disturbance condi- 
tions. An obvious example is that of obtaining an estimate of local ionospheric effects: 
adjacent stations could, for example, observe simi-fer variations in the scalar field even 
though a large change in declination occurs at only one of the stations. When it is known 
that this is occurring, one can assign reasonable limits to the form of the local iono- 
spheric current. Where a multiplicity of interpretations might be possible with only 
scalar measurements, the vector details will in many cases be useful in eliminating 
some of the possibilities. 

The establishment of stations to satisfy these requirements was a major problem at 
the outset of the satellite experiment. Considerations of cost and ease of operation by 
station personnel inexperienced in magnetic-field measurements were as important as 
accuracy requirements. Existing instruments did not meet these requisites, and this led 
to the development of the F-AD-AI magnetometer. It was designed to measure the total 
scalar field F as well as the declination and inclination variations AD and AI, relative to 
the surveyed setting of the instrument. The quantities F, D, and I define the vector field. 

Lt. F. W. Bacon, while working with Varian Associates, demonstrated that vector 
measurements could be made with a proton processional magnetometer (Reference 3). 

The inherent advantage of this instrument is the high accuracy which is achieved without 
calibration, temperature corrections, and corrections for instrumental drifts. Although 
the electronic system described here is quite different from that used by Bacon, his work 
was a good foundation for rapid development of an operational instrument. Ten mag- 
netometers were constructed. Nine of these were put in operation during the spring and 
early summer of 1958 at Fort Stewart, Georgia; San Diego, California; Havana, Cuba; 
Antigua, British West Indies; Quito, Ecuador; Lima, Peru; Antofagasta and Santiago. 
Chile; and Woomera, Australia. 


*1959 Eta, launched September 18, 1959 

t Material presented herein has also been presented in the Journal of Geophysical Research, 
Vol. 65, No. 3, March 1960, pp. 913-920. 
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PRINCIPLES OF MEASUREMENT 
Total Scalar Field F 


The absolute total scalar field F is the field normally measured with a proton pre- 
cessional magnetometer; details have been published previously (Reference 4). The free 
precession of a proton in an external magnetic field F has an angular frequency ^ given 
by u,' = y F , where y is the proton gyromagnetic ratio equal to 2.67513 ± 0.00002 x 10'^ 
seconds gauss in the latest determination by the National Bureau of Standards (Ref- 
erence 5). Absolute field values are obtained by measuring the frequency 

f - 4257.6(F). (1) 

27T 

In order to obtain a precession signal of sufficient amplitude to measure this fre- 
quency accurately, the proton sample is first polarized by passing a strong current 
through a coil surrounding the sample. When this current is cut off, a small but sig- 
nificant fraction of the protons are in phase in their precession and thus induce a detect- 
able voltage at a frequency f in the surrounding coil. Maximum amplitude of the pre- 
cession signal is obtained by orienting the polarizing coil perpendicular to the magnetic 
field. However, the frequency of the ^duced signal is not a function of the orientation 
angle, and a non-perpendicular orientation will cause omy a reduction in amplitude. The 
signal amplitude decays exponentially with a time constant which is a function of the 
proton sample and polarizing time. 

In the instrument described here, n-heptane is used for the proton sample. Although 
alcohol and even water can be used as samples, the high boiling point and low freezing 
point of n-heptane made it more desirable for field use. About 6 amperes from a 12-volt 
battery is applied for 5 seconds for polarization. This produces a precession signal 
visibly above noise for 4 to 5 seconds. As frequency counting is practically unaffected by 
noise for about 2 seconds, a large number of cycles can be referred to a 100-kc standard 
to obtain very high accuracy. 


Declination Variations ad 


To obtain measurements of declination variations AD, the proton precession fre- 
quency is measured in the manner described above. However, the field measured is the 
vector sum of the earth's field and a bias field created at right angles to the earth's 
field in the horizontal plane by passing current through i vertical Helmholtz coil. To 
make the measurement independent of the coil current, two measurements with opposite 
bias fields are taken as illustrated in Figure la. The change in declination measured, 
ad, is relative to the orientation angle of the Helmholtz coil. When the coil orientation 
is accurately known, this also gives the absolute declination D through the algebraic addi- 
tion of D and ad, where D is the "zero" orientation of the Helmholtz coil (Figure la). 

The precession frequency 

fj* = 4257.6 (F + Bj) = 4257.6 (Fj ) 

is measured when current is passed through the Helmholtz coil in the sense producing an 
axial bias field in the easterly direction. The precession frequency 

= 4257.6 (F + Bj) = 4257.6 (Fj ) 

is measured next with the coil current reversed, thus producing an axial bias field B^ in 
the westerly direction. 
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(a) 

DECLINATION MEASUREMENT 
(North of the Magnetic Equator) 


(b) 

INCLINATION MEASUREMENT 
(North of the Magnetic Equator) 
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Fig. 1 - Graphic representation of component measurements 
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Although the "zero" orientation is not critical, there are advantages to making it 
such that fj" and f j are nearly equal. When ideally oriented, the readings over a period 
of the diurnal variation will be such that the amount of time when f ^ > f J is roughly 
equal to the amount of time when f ^ < f ^ ; i.e., such that is close to the mean declina- 
tion. Possible errors due to small-angle assumptions leading to Equation 2 below are then 
negligible, and there is the additional convenience of working with small numbers in the 
difference F^, - Fj . 

The equation, with ad in minutes of arc. 


1.719 X 10^ (Fj - Fj ) 



1/2 

F(f; - F^ - 2F) 

cos I 


( 2 ) 


where 

F = the absolute scalar field, 

I = the inclination of the field, + Ai, and 

1.719 X 10^ is the conversion from radians to minutes, 

was derived by Bacon (Reference 3) from the cosine law with the assumption that 
(Fj - F)/F « 1 and several small angle assutnptions having considerably less effect. 
Errors from the assumption (F^ - F)/F « 1 are a function of bias-field intensity and 
the magnitude of F at a particular station. Although declination sensitivity is propor- 
tional to bias-field intensity, the latter is limited by the above assumption. 

Equation 2 is easily programmed into computing machines in terms of frequency 
count. When computers are not used, data handling is simplified with little loss of accu- 
racy by using simply 


AD = Kj(F; - Fj). 

in which the lumped constant is computed by using mean values lor F, I and F^* + F^ 
Mean values for F and I can, of course, be considered valid for periods of months. The 
constancy of F^ + fJ is, however, a function of current in the Helmholtz coil. In gen- 
eral, the changes in current over a period of a day or so are not easily measured, and 
it is simpler to check the constant by occasional use of Equation 2. 


Inclination Variations Ai 


The method of measuring inclination variations AI is basically the same as for AD. 
The Helmholtz coil for the Ai bias fields is perpendicular to the AD coil, with the coil 
axis perpendicular to the earth's field. The field inclination (dip angle) I is the algebraic 
sum of I and AI, where I is the "zero” or fixed oriertation (Figure lb). 

In a manner analogous to the ad measurement, the two frequencies 

fj* = 4257.6 (F + B.*) = 4257.6 (Fj*) 

and 

fj' = 4257.6 (F + Bj ) = 4257.6 (F/) 

are measured. The l^ setting is determined after the D^ setting by rotating the coil until 
f j* and f are nearly equal when averaged over a diurnal cycle. 
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The equation for Ai in minutes (analogous to Equation 2 for ^D), 

1.710 X 1Q3 (f/ - F;') 

^ f I ! 11/2 ’ ^ 

F (Fj + Fj - 2F) 

is subject to the assumption (F^ - F)/F « l as was previously noted for ad. The corre- 
Spending simplified expression is 

AI = K. (Pf " Fi' ) ■ 


DESCRIPTION OF INSTRUMENTATION AND DATA 

The magnetometer is illustrated in block form in Figure 2 and in the photograph of 
Figure 3. To isolate the sensing unit from artificial fields while keeping cable lengths 
for battery power at a minimum, the instrumentation occupies three locations separated 
as indicated by the cable breaks in Figure 2. 


Programming 

The sequence of measurement is F, , F^ , F.^ and F^ . This set constitutes one 
vector measurement. To minimize the number of readings with little chance of missing 
significant field variations, it was decided that one set would be taken every 3 minutes. 

A one-third rpm, 60-cycle synchronous motor-timer is used as a master timer for 
sequencing three other synchronous motor-timers on the programming timer chassis. 
Cam switches on these motors sequence relay power to four relays in the field elec- 
tronics box, which in turn switch the bias-field current, battery- charge current, and the 
polarize-read relays. The readings for F, F^^ and F^' , f/ and F.' are taken on succes- 
sive minutes and spaced such that a battery trickle charge occurs between all readings; 
thus there is little chance of battery voltage drop causing any difference in successive 
bias-field currents. 

The programming timer also operates a relay (located on the input-filter subchassis) 
which shorts the signal input circuit to the counter between readings so that noise tran- 
sients cannot cause false triggering of the counter. 


Sensing Head and Preamplifier 

The proton sensing head, polarize-read relay circuit, and tunable preamplifier were 
designed and built by Varian Associates. Storage batteries supply the 12-volt polarizing 
and 6-volt filament power, while four 45-volt dry cells connected in series are used for 
plate voltage and normally last for three months of continuous operation. The input 
precession signal to the preamplifier is roughly 10 microvolts. This is amplified to 200 
to 500 millivolts for transmission by cable to the recording electronics. For noise 
elimination, the preamplifier has variable tuning in bandwidth steps of 67 cycles. Signal- 
to-noise ratios at the preamplifier output are between 10:1 and 30:1. 


Helmholtz Coils 


The interlocking aluminum Helmholtz coils were cast, machined, assembled, and 
wound in the shops of the Naval Research Laboratory. The Helmholtz condition, that the 
separation of paired turns equal the coil radius, was maintained by sloping the coil winding 


va.iues can iiuiucnct; uie uveraii accuracy ui liic ueciinaLiun anu inciiiiaLiuii uicaaui tr- 

ments. The accuracy of the survey of the field coils will, generally, be limited by 
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imperfection in the machined surfaces of the coil assemblies and the relatively small 
dimensions of the coil diameters. With care, the coils can be surveyed to an accuracy of 
± 1 minute. 


CONCLUSION 

Considering the various station locations and the errors noted above, the scalar field 
inaccuracy is within ± 0.7 to ± 1.3 gammas. The Ad and Ai inaccuracies are probably 
within ± 1.3 and ±0.5 minutes respectively. To obtain the absolute accuracy of declina- 
tion D and inclination I the surveying errors must be added to these figures. It should be 
emphasized that the particular counter described here is not an irreplaceable component 
of the system and, consequently, the variations it gives rise to are not inherent to the 
proton magnetometer. Specifically, values of greater accuracy than the above can be 
obtained by using a counter with an internal time-base stability of ± 1 part in 10®. Such a 
stability, though not warranted in this experiment, would reduce the overall variations in 
F , ad and M by approximately ±0.4 gammas, ±0.6 and ±0,2 minutes, respectively. 

There are no further corrections to be made, such as those for temperature and 
drift, nor are any calibrations required. Therefore it can be seen that the proton pre- 
cessional magnetometer measures total field to an accuracy several times greater than 
that obtained by the magnetic observatories, and that declination and inclination measure- 
ments are at least comparable to those obtained in the best observatories. A record 
taken near the Naval Research Laboratory is shown in Figure 4 compared with that of a 
standard observatory instrument located about 50 miles away. The observatory records 
horizontal and vertical intensities so that only the declinations are directly comparable. 
Large errors in the vertical component which normally limit the accuracy of conven- 
tional observatory instruments do not, of course, appear in the proton magnetometer. 
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